It has been suggested that the auxiliary subunits of high voltage-activated (HVA) calcium channels modulate T-type, low voltage-activated (LVA) calcium channels. Such a regulation has yet to be documented, especially because there has been no biochemical characterization of T-channels. To monitor total protein levels and plasma membrane expression of T-channels in living cells, external epitopes (hemagglutinin, FLAG) were introduced into human recombinant Ca V 3 channels that were also N-terminally fused to green fluorescent protein. Utilizing Western blot techniques, fluorescence flow cytometry, immunofluorescence, luminometry, and electrophysiology, we describe here that ␤ 1b and ␣ 2 -␦ 1 subunits enhance the level of Ca V 3 proteins as well as their plasma membrane expression in various expression systems. We also report that, in both Xenopus oocytes and mammalian cells, the ␣ 2 -␦ 1 and ␤ 1b subunits increase by at least 2-fold the current density of Ca V 3 channels with no change in the electrophysiological properties. Altogether, these data indicate that HVA auxiliary subunits modulate Ca V 3 channel surface expression, suggesting that the membrane targeting of HVA and LVA ␣ 1 subunits is regulated dynamically through the expression of a common set of regulatory subunits.
For a wide majority of ion channel classes with the exception of T-type, low voltage-activated (LVA) 1 calcium channels, it has been demonstrated that channel complexes contain auxiliary subunits that participate in the regulation of the biophysical properties and/or the membrane targeting of the pore subunits. Indeed, high voltage-activated (HVA) calcium channel complexes include a core of auxiliary subunits, ␣ 2 /␦, ␤, and ␥ subunits, that regulate biophysical, pharmacological, and biochemical properties of the pore-forming ␣ 1 subunit. By contrast, with the HVA calcium channels that function at best as multimeric complexes, the recombinant Ca V 3 subunits express by themselves as typical T-type, LVA calcium channels in a variety of heterologous expression systems (1) (2) (3) (4) (5) . To date, no auxiliary subunit, which would associate to T-type channels and modulate their trafficking or surface expression, has been identified. However, a few studies have suggested that ␣ 2 -␦, ␤, or ␥ 2 subunits might modulate Ca V 3 channels (6), but this description remains controversial because there are several other studies reporting no effects (7) .
In recent years, it has been proven useful to monitor protein expression, subcellular localization, protein-protein interactions, and temporal/spatial imaging using fusion with highly specific epitope tags as well as fluorescent proteins (for review see Ref. 8) . More specifically, the construction of externally epitope-tagged ion channels has emerged as a powerful means of monitoring surface expression in a variety of cell systems. This technique has been applied to the study of the cystic fibrosis transmembrane regulator (9, 10), Kir2.1 (11) , K ATP (12) , CIC-1 (13), Na V 1.5 (14) , and most recently, in the study of Ca V 1.2 trafficking (15) . Here, we describe the construction of an equivalent set of tools for the study of Ca V 3 T-type channel expression. These tagged channels preserve their electrophysiological hallmarks and can be detected and assayed by various immunotechniques. Therefore, by directly measuring plasma membrane expression of Ca V 3-tagged channels, we demonstrate that both ␣ 2 -␦ 1 subunit and ␤ 1 subunit can modulate the cell surface expression of T-type channels in various heterologous expression systems.
EXPERIMENTAL PROCEDURES

Recombinant cDNAs Used in Experiments-
The following cDNA sequences inserted into expression vectors have been used followed by the GenBank TM accession numbers: ␤ 1b , NM017346; ␣ 2 -␦ 1 , AF286488; Ca V 3.1b, AF126965; Ca V 3.2, NM021098; and Ca V 3.3, AF211189. The FLAG-Na V 1.5 was a kind gift from Dr. Mohamed Chanine (Laval University). It is tagged with a single FLAG epitope in the extracellular loop, SS1-SS2, of domain I (14) . The HA-Kir2.1 construct was a kind gift of Dr. Caroline Dart.
Construction of Ca V 3.1-GFP-Using PCR mutagenesis, a unique BssHII/EcoRI site was introduced into the 5Ј end of Ca V 3.1b and the removal of the start codon was achieved with the following primers: forward, 5Ј-GCTGCGCGCGAATTCTGACGAGGAGGAGGATGG-3Ј, and reverse, 5Ј-GTCTCCAGCAGCTTGTG-3Ј. This modified BssHII/ SpeI fragment was subcloned back into the original Ca V 3.1b construct using the BssHII/SpeI sites. Subsequently, the EcoRI/KpnI fragment comprising the entire coding region of Ca V 3.1b was cloned of into pEGFP-C1 (Clontech). Finally, this Ca V 3.1b-GFP construct was checked by sequencing. It was expressed in TSA201 cells and found to be electrophysiologically similar to Ca V 3.1b.
Construction of Ca V 3.2-HA and Ca V 3.2-GFP-A unique SbfI site was introduced into the extracellular SS1-SS2 loop of domain I of the Ca V 3.2 cDNA by overlapping PCR strategy at position 972 bp to insert a HA epitope. The two oligonucleotide pairs used to introduce the SbfI site were as follows H-SbfI-F1 (5Ј-CTGGCCCTGCGGCGTTGGTG-3Ј) and H-Sbf-R1 (5Ј-GCCTGCAGGTTGCGTGTAGGCCTC-3Ј); and H-SbfI-F2 (5Ј-TACACGCACCTGCAGGCCGAGGG-3Ј) and H-SbfI-R2 (5Ј-TGGG-GAAGGTGGCGAGGGGG-3Ј). The PCR products were gel-purified (Qiagen gel purification kit), and equimolar concentrations were used to perform a PCR on the 1.7-kb fragment using H-SbfI-F1 and H-SbfI-R2 primers. This product was subcloned into pcDNA3.1/V5-His Topo TAcloning vector (Invitrogen) following the manufacturer's protocol. Complementary oligonucleotides encoding the HA epitope flanked with extra amino acids to enlarge the loop (SbfI-HA-F, 5Ј-GGAACCACTAT-CCATATGACGTTCCGGACTACGCAGTCACGTTCGTCGACCTGCA-3Ј, and SbfI-HA-R, 5Ј-GGTCGACGAACGTGACTGCGTAGTCCGGAA-CGTCATATGGATAGTGTTCCTGCA-3Ј) were annealed to form SbfI adaptors and ligated into the SbfI site. A single clone, the Ca V 3.2-HA clone, was digested with AscI, and the 1.65-kb fragment was subcloned into Ca V 3.2-GFP. Each step of this procedure was confirmed by sequencing. The Ca V 3.2-GFP clone was generated as follows. The Ca V 3.2 pcDNA3 clone was modified by PCR mutagenesis to introduce an XhoI restriction site in its 5Ј end (5Ј-CTCGAGCCATGACCGAGGG-3Ј) and a reverse oligonucleotide (5Ј-CAGTTGAGCATGATTACCAGCATG-3Ј). This fragment was subcloned into pcDNA3.1/V5-His Topo TA, sequenced, and further subcloned into the XhoI/NotI sites of pEGFP-C1 (Clontech), generating pEGFPC1G1. Subsequently, a NotI/KpnI fragment (ϳ7 kb) excised from the Ca V 3.2-pcDNA3 construct was subcloned into the NotI/KpnI-cut pEGFPC1G1 construct. The amino acid sequence of the HA-tagged Ca V 3.2-GFP construct reads EHYPYDVP-DYAVTFVD with the boldface letters corresponding to the HA epitope.
Construction Ca V 3.3-HA, Ca V 3.3-4ϫ FLAG, and Ca V 3.3-GFP-HA-The Ca V 3.3 cDNA sequence (originally subcloned into pBK-CMV) contains a unique SbfI site in the SS1-SS2 loop of domain I. The clone was digested with SbfI and dephosphorylated, and subsequently, the same oligonucleotide pair as used for the construction of Ca V 3.3-HA (see above for the oligonucleotide sequence) was ligated into the SbfI site. To generate FLAG-tagged Ca V 3.3 clones, complementary oligonucleotides (phosphorylated) encoding the FLAG epitope were annealed to form SbfI adaptors and ligated into the SbfI site using the following primers: I-FlagF, 5Ј-GGACTATAAAGACGATGACGACAAGGCGATCGACCT-CCA-3Ј, and FlagR, GGTCGATCGCCTTGTCGTCATCGTCTTTATAG-TCCTGCA-3Ј. The boldface letters indicate PvuI sites that were introduced in order to identify clones with the modified sequence. Restriction digests using PvuI and sequencing were performed to confirm the presence of FLAG epitope(s) in Ca V 3.3 cDNAs (i.e. Ca V 3.3-4ϫ FLAG construct).
Flow Cytometry of Transfected TSA201 Cells-Cells were harvested by washing once in PBS followed by an incubation in 500 l of 50 mM EDTA-PBS buffer to resuspend the cells. The mixture was analyzed using a Coulter Epics XL flow cytometer. Settings were established to detect the fluorescence of cells above background levels caused by autofluorescence. In general, a minimum of 10 4 cells was analyzed (**, p Ͼ 0.001; ***, p Ͻ 0.0001, n ϭ 4).
Western Blotting of Tagged Ca V 3 Channels-TSA201 cells were harvested 48 h after transfection in PBS in the presence of a protease mixture. Cells were lysed and sonicated. An equal quantity of protein was loaded onto an 8% gel and transferred onto nitrocellulose for 1 h at 200 mA. The gel was blocked utilizing 3% milk powder. Primary antibody incubation was performed overnight with a rat anti-HA antibody (1:1000, Jackson Laboratories) for HA constructs or with a mouse anti-FLAG M2 antibody (1:1000, Sigma) for FLAG constructs and was followed by three washes in PBS (15, 5, and 5) . A 45-min incubation at room temperature was carried out with either a goat anti-rat-horseradish peroxidase secondary (1:5000, Jackson ImmunoResearch) or a goat anti-mouse-horseradish peroxidase secondary (1:5000, Amersham Biosciences), followed by 3 washes 1X PBS (15min, 5 min, 5 min). Visualization of the bands was carried out using an ECL kit (Amersham Biosciences).
Surface Expression Measurements in Xenopus Oocytes-Isolation, injection, two-electrode voltage clamp, and surface expression of Ca V 3.2-HA-GFP were performed as described previously (15) . After electrophysiological recordings, individual non-permeabilized oocytes were processed with the primary and secondary antibodies. Surface expression was measured using enzymatic amplification of HA epitope recognition with a horseradish peroxidase-coupled secondary antibody (goat anti-rat Fab fragments, Jackson ImmunoResearch). Ca V 3.2-HA-GFP surface expression was quantified on individual oocytes with a Victor 2 luminometer (PerkinElmer Life Sciences). A HA-tagged Kir2.1 potassium channel and the wild-type Ca V 3.2 calcium channel were used as positive and negative controls, respectively (data not shown).
Surface and Total Expression Measurements of Ca V Subunits in HEK293 Cells-Cells were transfected using LipofectAMINE 2000 with a constant amount of DNA (2 g) in 35-mm dishes. Each transfection then was split into 4 wells of a 12-well plate. Two days after transfection, the cells were fixed for 5 min in 4% paraformaldehyde followed by 2 ϫ 5-min washes with PBS. Two wells were permeabilized with 0.1% Triton X-100 for 5 min and incubated for 30 min in blocking solution (PBS ϩ 1% serum). The expression of Ca V 1.2-HA and Ca V 3.2-HA channels was measured using a mouse anti-HA directly coupled to horseradish peroxidase (1/2000, monoclonal antibody clone 12CA5, Roche Applied Science). For the 4ϫ FLAG-Ca V 3.3-and FLAG-tagged Na V 1.5 channels, a mouse anti-FLAG directly coupled to horseradish peroxidase (1/1000; Sigma) was used. Incubation of the primary antibody was carried out at room temperature for 1 h. After extensive washes (4 ϫ 5 min in PBS ϩ 1% fetal calf Serum, 5 ϫ 5 min in PBS alone), SuperSignal enzyme-linked immunosorbent assay femto maximum sensitivity substrate (Pierce) was added, and the luminescence was measured with a Victor 2 luminometer.
Patch Clamp Experiments in Transfected HEK293 and CHO-Ca v 3.1 Cell Lines-HEK293 cells as well as a CHO cell line stably expressing the Ca V 3.1b isoform (CHO-Ca V 3.1) were cultivated in Dulbecco's modified Eagle's medium, Glutamax, and 10% fetal calf serum. The clonal CHO-Ca V 3.1 cell line was established with the Ca V 3.1b isoform (GenBank TM accession number AF126965) using standard protocols. The transfection of the ␣ 2 -␦ 1 and/or ␤ 1b subunits was performed using Jet-PEI (QBiogen) following standard protocols. Cells were cotransfected with a CD8 expression plasmid (1/10 ratio) to allow optimized identification of the transfected cells using CD8 Dynabeads (Dynal) applied prior to electrophysiological recordings. Whole cell calcium currents were recorded at room temperature 2-3 days after transfection using an Axopatch 200B amplifier (Axon Instruments, CA). Extracellular solution contained (in mM): 2 CaCl 2 , 135 TEACl, and 10 HEPES (pH to 7.4 with TEAOH). Borosilicate glass pipettes that had a typical resistance of 1-2 megohms were filled with an internal solution containing (in mM): 110 CsCl, 10 EGTA, 10 HEPES, 3 Mg-ATP, and 0.6 GTP (pH to 7.2 with CsOH). A stable CHO cell line expressing Ca V 3.1 was transfected transiently with (n ϭ 8) and without (n ϭ 11) the ␣ 2 -␦ 1 and ␤ 1b subunits. A, typical current traces in response to a 100-ms-long depolarization from Ϫ110 to Ϫ30 mV. B, current-voltage relationship for Ca V 3.1 Ϯ (␣ 2 -␦ 1 ϩ ␤ 1b ). Xenopus oocytes were injected with Ca V 3.2 with and without subunits (C and D). C, typical current traces in response to a 100-ms-long depolarization from Ϫ100 to Ϫ30mV. Note that ␣ 2 -␦ 1 and ␤ 1b do not alter current waveforms. D, current-voltage (I/V) relations for Ca V 3.2 Ϯ ␣ 2 -␦ 1 ϩ ␤ 1b (n ϭ 14). Note that, for both Ca V 3.1 and Ca V 3.2, the coexpression of subunits does not induce any shift of the I/V curves (B, D).
RESULTS
␤
physiological analysis of transiently expressed T-type channels in mammalian cells. The cell line has a mean T-current density of 11.7 pA/pF, which showed a 2-fold increase in its current density, when transfected with both the rat ␤ 1b and ␣ 2 -␦ 1 subunits (Fig. 1A) . No change in the current-voltage (I/V) curve parameters, steady-state activation, or inactivation properties could be detected (Fig. 1B) , indicating that unlike for HVA channels, there was no modulation of electrophysiological properties of Ca V 3.1 channels caused by ␤ and ␣ 2 -␦ subunits.
Functional expression of Ca V 3.2 channels was measured in Xenopus oocytes. Using barium as charge carrier, the current was typical of LVA channels with strong voltage-dependent activation and fast inactivation kinetics (inactivation of 10.5 Ϯ 1.2 ms, n ϭ 10 at the peak of the IV curve). When Ca V 3.2 cDNA was injected along with ␤ 1b and ␣ 2 -␦ 1 cDNAs, the Tcurrent amplitude was 3-fold larger (Fig. 1C) without any modification in activation or inactivation kinetics as seen in typical current traces (Fig. 1C) . As for the Ca V 3.1 current in CHO cells (Fig. 1B) , the increase in the Ca V 3.2 current was not accompanied by a change of the activation threshold as seen on the I/V curve (Fig. 1D) or a change of the voltage dependence of the activation (half-activation potentials (V 0.5 ) for Ca V 3.2 alone (Ϫ35.7 Ϯ 0.4 mV, n ϭ 12) and for Ca V 
Construction of Epitope-and GFP-tagged Ca V 3 SubunitsRecently, the antibodies generated against both Ca V 3.1 and Ca V 3.3 were used to monitor total protein expression either on Western blots and immunostaining (16) . However, the availability of antibodies that would recognize epitope at the extracellular side of a T-type calcium channel, allowing us to monitor surface expression, does not exist. In a first series of experiments, a FLAG epitope was inserted into the extracellular S1-S2 loop of domain I of Ca V 3.3. To optimize recognition by the antibody, extra flanking residues were introduced. The site was chosen both because of a unique and convenient SbfI restriction site and the absence of surrounding putative glycosylation sites. A series of FLAG-tagged Ca V 3.3 constructs were made, which contained 1, 2, or 4 FLAG epitopes. Only the 4ϫ FLAG was detected on Western blots, and this construct could be used in chemiluminescent assays. To improve a further detection of tagged Ca V 3 channels, we inserted a HA epitope at this same Sbf1 site. The HA epitope detection has been used successfully to analyze potassium channel expression (12) . In addition, a series of T-type calcium channels (Ca V 3.1, Ca V 3.2, Ca V 3.2-HA, and Ca V 3.3) N-terminally tagged with GFP were constructed to allow the monitoring of Ca V channels using fluorescence techniques (see Fig. 2A for schematic representation of Ca V 3 constructs). All of these various constructs were assayed functionally in patch clamp studies and proven to function adequately as T-type channels (see Fig. 2B for typical current traces obtained with these recombinant clones), indicating that the insertion of these additional sequence did not alter channel properties. 
Biochemical Analysis of Ca V 3-tagged Proteins as Expressed in TSA201
Cells-The expression of Ca V 3-GFP-tagged clones in HEK293 could be detected easily by fluorescence microscopy (Fig. 2C) . The Ca V 3.3 4ϫ FLAG construct exhibited electrophysiological properties similar to those of wild type Ca V 3.3, although the currents on average were of smaller amplitudes (data not shown). The FLAG-tagged Ca V 3.3 proteins containing either a single or double FLAG epitope failed to be detected on Western blots. The presence of four FLAG sequences was necessary for Western blot detection (Fig. 2D) . By contrast, both Ca V 3.2-HA and Ca V 3.3-HA-GFP, which contained a single HA epitope, could be detected using Western blot (Fig. 2D) .
␤ 1b and ␣ 2 -␦ 1 Subunits Enhance the Level of Expression GFP-tagged Ca V 3 Channels-Ca V 3.1, Ca V 3.2, Ca V 3.2-HA, and Ca V 3.3-HA tagged with GFP were expressed in TSA201 cells. When both ␤ 1b and ␣ 2 -␦ 1 were coexpressed together with any of the GFP-tagged Ca V 3 channels, an increase in the number and intensity of cells expressing the GFP was observable using fluorescent microscopy (Fig. 3A) . To further study the expression of the GFP-tagged Ca V 3 subunits, fluorescent cell cytometry was used as a quantitative, high throughput detection method. When the Ca V 3 channels were coexpressed with both of the subunits, a significant increase in the mean average GFP fluorescence of 180 (Ca V 3.1-GFP), 320 (Ca V 3.2-HA-GFP), and 80% (Ca V 3.3-HA-GFP) was measured (Fig. 3B) . These results were confirmed using Western blot analysis, which shows a significant increase in protein levels when both subunits are coexpressed (Fig. 3C ). These data indicate that HVA auxiliary subunits augment Ca V 3 subunit expression at the protein level.
␤ 1b and ␣ 2 -␦ 1 Subunits Promote Ca V 3.2 Surface Expression in Xenopus Oocytes-To combine T-current and cell surface expression measurements, the Ca V 3.2-HA-GFP construct was expressed in Xenopus oocytes. The plasma membrane expression of Ca V 3.2-HA-GFP was measured directly using an immunoassay developed in the laboratory for the Ca V 1.2 channels (16). The T-currents generated by the Ca V 3.2-HA-GFP construct were augmented significantly following ␤ 1b and ␣ 2 -␦ 1 coexpression (Fig. 4A) . The surface expression of Ca V 3.2-HA-GFP was increased by ϳ2-fold upon coexpression with ␣ 2 -␦ 1 and ␤ 1b , consistent with the increase in current density (Fig.  4B ). This set of experiments, based on the combined use of electrophysiological and surface protein measurements, demonstrates that the ␣ 2 -␦ 1 and ␤ 1b subunits increased the concomitant expression of Ca V 3.2 at the plasma membrane and T-current density in Xenopus oocytes.
␤ 1b and ␣ 2 -␦ 1 Subunits Enhance the Level of Expression of Tagged Ca V 3 Channels in HEK293 Cells-Using mammalian cells, flow cytometry experiments of GFP-tagged Ca V 3 channels (Fig. 3) did not allow any quantification of surface expression. To extend the observations reported above, the cell surface measurement assay then was developed for mammalian cells. This chemiluminescence technique allows us to quantitatively examine both surface and total expression of epitope-tagged Ca V channels in a rather large population of cells (Ͼ250,000 cells). HEK293 cells were transfected with various combinations of ␤ 1b and ␣ 2 -␦ 1 subunits. 48 h later, the cells were fixed and the surface expression of Ca V 3.2-HA-and Ca V 1.2-HA-tagged channels as well as Ca V 3.3-4ϫ FLAG-and Na V 1.5-FLAG-tagged channels was determined (Fig. 5) . We found that the ␤ 1b and ␣ 2 -␦ 1 subunits, individually and together, were able to enhance significantly the surface expression of the Ca V 3.2 and Ca V 3.3 subunits. Ca V 3.2-HA expression was augmented when ␤ 1b and ␣ 2 -␦ 1 were coexpressed individually, with an increase of 148 Ϯ 2% and 151 Ϯ 19% (total) and 237 Ϯ 35% and 201 Ϯ 12% (surface) for ␤ 1b and ␣ 2 -␦ 1 , respectively. When both subunits were expressed together, a 437 Ϯ 65% increase in Ca v 3.2-HA surface expression was measured, whereas only a 181 Ϯ 18% increase was found in total expression. For Cav3.3-4ϫ FLAG, when ␤ 1b and ␣ 2 -␦ 1 were Oocytes were held at Ϫ100 mV, and depolarization stepped from Ϫ70 mV with subsequent 10-mV increments. B, quantification of expression levels of the HA-tagged proteins at the surface of non-permeabilized cells. Single oocyte chemiluminescence was detected with a luminometer. Intensity of photon emission is expressed as relative light units (RLU). As with the wild type cDNA constructs, the tagged Ca V 3.2-HA-GFP channels showed an increase in current amplitude. There was a parallel increase in current density and surface expression for the tagged Ca V 3.2-HA-GFP channels in the Xenopus oocytes coexpressed the membrane expression was increased by 143 Ϯ 1% and 171 Ϯ 15%, respectively, whereas the total expression was increased by 192 Ϯ 13% and 153 Ϯ 9%, respectively. The expression of both auxiliary subunits with Ca v 3.3-4ϫ FLAG led to a further 231 Ϯ 7% (surface) and 264 Ϯ 11% (total) increase in expression as compared with each of the subunits expressed separately (p Ͻ 0.05); however, the relative amount of membrane expression was not modified significantly. For Ca V 1.2 HA-tagged channels, a 268 Ϯ 11% increase in surface expression was measured when both subunits were coexpressed with a 430 Ϯ 11% increase in total expression. Finally, we have performed similar experiments with Na V 1.5, a sodium channel that shares a similar overall homology with Ca V channel subunits (17) . Using a Na V 1.5 channel tagged with an external FLAG epitope, no change in surface expression was observed with the ␤ 1b and ␣ 2 -␦ 1 subunits (Fig. 5) , indicating that the reported effects of ␤ 1b and ␣ 2 -␦ 1 subunits on Ca V 3 channels expression are specific for voltagegated calcium channels.
DISCUSSION
The main finding of the this study is that the HVA auxiliary subunits ␣ 2 -␦ 1 and ␤ 1b modulate the amount of Ca V 3 channel protein at the plasma membrane. We also report that the increase in plasma membrane expression is accompanied by an increase in the T-type current density. Interestingly, we have observed no alteration in current properties with any of the LVA channels when coexpressed with ␤ 1b and ␣ 2 -␦ 1 subunits regardless of the expression system. Overall, this study also validates the use of epitope-tagged Ca V 3 channels to probe T-channel modulation.
The effect of any regulatory subunits on T-type channels has yet to be determined. A few studies have reported some changes in both current density and electrophysiological properties when HVA ␣ 2 -␦ auxiliary subunits were expressed with T-type channel Ca V 3 subunits (6, 18 -20) , whereas other studies have failed to ascribe any effect (21) (for review see Ref. 5). We report here that the ␣ 2 -␦ 1 subunit is able to increase total and surface expression of both Ca V 3.2 and Ca V 3.3 channels in HEK293 cells. Therefore, we have confirmed previous data suggesting a ␣ 2 -␦ subunit modulation of T-type channels by demonstrating that the ␣ 2 -␦ 1 subunit is able to up-regulate the surface expression of Ca V 3 channels as well as significantly increase T-type current density. Indeed, other studies have suggested that a functional association of ␣ 2 -␦ 1 subunit with a T-type could occur based on the use of the anti-epileptic drug Gabapentin, which has been shown to bind onto the ␣ 2 -␦ 1 subunit and to modulate T-currents (22, 23) . Overall, these data indicate that ␣ 2 -␦ subunits could be considered as a regulatory subunit of T-type calcium channels and that the ␣ 2 -␦ subunits may interact with Ca V 3 channels.
In this study, we also have demonstrated that ␤ 1b has a significant effect on augmenting the surface expression and total expression of both Ca V 3.2 and Ca V 3.3 channels. We also have found that the Ca V 3.3 total protein expression is affected by all of the ␤ subunit family members, indicating that ␤ subunits share their ability to modulate T-type channels.
2 To date, whether or not the ␤ subunits regulate the Ca V 3 channels is controversial. A few studies have suggested that ␤ subunits do not regulate the T-type current density, i.e. the T-type channel expression. Antisense depletion of ␤ subunits failed to decrease T-type channel expression in NG108-15 cells (24) as well as in nodose ganglion neurons (25) . Similarly, the overexpression of the ␤ 1b subunit did not affect either the T-type current density or the kinetic properties of native T-currents in NG108-15 cells (19) . In good agreement with these data, we have failed to identify any significant electrophysiological alteration of recombinant Ca V 3 channels when the ␤ 1b subunit was expressed and we have failed to identify a clear change in T-current density in regular transient cotransfection experiments in mammalian cells. Indeed, the use of tagged Ca V 3 channels was instrumental to describe an ϳ2-fold increase in cell surface expression and in T-current density caused by the ␤ 1b subunit.
The ␤ subunit roles in modulation of biophysical properties of HVA channels have been well studied (for review see Ref. 26) . It also has been demonstrated that the ␤ subunits tightly bind onto a retention motif located within the intracellular I-II loop of HVA pore channel subunits (Ca V ) and facilitate HVA channel trafficking and cell surface expression (27) . It is tempting to suggest that the Ca V 3 channels also may possess ␤ subunit interaction site(s). A consensus sequence (QQE(D/E)LGY . . . WI . . . E) present in the I-II intracellular loop of every HVA Ca V subunit is the primary interaction site of the ␤ subunits (28, 29) . It has been suggested that the Ca V 3.1 protein may be sufficiently homologous to provide a similar binding site (GSCYEELLKYLVYILRKA) (for review, see Ref. 6 ). However, a sequence comparison of this region for all of the Ca V 3 channels identified to date revealed a conserved consensus sequence that reads EPCYE . . . Y . . . R . . . RR. In addition, we were unable to identify any interaction between either the fulllength rat ␤ 1b subunit or the ␤ subunit interacting domain site and the I-II loop of the Ca V 3.3 channel using the two-yeast hybrid assay (data not shown). Furthermore, by attaching the I-II loop of Ca V 3.1 channels to a reporter CD8 construct, Cornet et al. (30) demonstrate that this sequence does not possess a retention motif as found on HVA channels. These various observations would argue that the I-II loop of the Ca V 3 channels does not interact with the ␤ subunits. If there are other regions of Ca V 3 channels that are able to interact with ␤ subunits to promote the regulation, they are likely to very weak since ␤ 1b failed to be immunoprecipitated with the Ca V 3-4ϫ FLAGtagged channel, whereas this was not the case with the Ca V 1.2-HA-tagged channel. 2 An alternative explanation would be that the Ca V 3 channels expressed in the various cell systems used in this study may be guided or stabilized by the ␤ subunits as well as the other HVA auxiliary subunits on their way to the membrane without the need for a tight association. Indeed, it has been suggested recently that ␤ subunit modulation of HVA current density may also rely on a labile interaction that can be mimicked with purified ␤ subunits applied in patch clamp experiments (31, 32) . Further electrophysiological studies using purified ␤ subunits applied intracellularly on recombinant Ca V 3 channels might be useful to determine whether a similar modulation occurs for T-type calcium channels.
In summary, we have demonstrated that the ␤ 1b and ␣ 2 -␦ 1 subunits are able to induce both a global increase in protein level and an enhanced surface expression of Ca V 3 channels, which is correlated to an increase in current density both in Xenopus oocytes and mammalian cells. An augmentation of Ca V 1.2 plasma membrane expression was observed with the coexpression of the auxiliary subunits as expected based on previous reports of increased current density (33, 34) , immunostaining (35) , and membrane expression using external epitope tags (15) . There is no modification in the relative level (surface/total expression) of Ca V 1.2-HA expression at the cell surface when both of the auxiliary subunits are expressed. This is also evident with Ca V 3.3-tagged channels, whereas for the Cav3.2 channels, the auxiliary subunits significantly increase the relative surface expression of the channels. It is not known whether this is attributed to an increase in the rate of trafficking to the cell surface or stabilization of the protein at the plasma membrane, but it should be noted that the surface expression level of Ca V 3.2 channels (13%) is lower compared with either Ca V 3.3 (30%) or Ca V 1.2 channels (20%) without auxiliary subunits, thus suggesting that Ca V 3.2 channels may be more sensitive to the effects of the auxiliary subunits.
Utilizing HA-tagged Ca V 3.2 and FLAG-tagged Ca V 3.3 channels, we were able to demonstrate that exogenously expressed ␤ 1b and ␣ 2 -␦ 1 subunits are able to increase both total and surface expression in mammalian cells not only together but also individually. These subunits are likely to act synergistically to enhance the effects observed with each separate subunit. The mechanism of this additional augmentation has yet to be documented. One possible explanation would be that these auxiliary subunits modulate the expression/stabilization of each other, which would result ultimately in a significant increase in the Ca V 3 subunit expression/stabilization. Although the synthesis, assembly, and trafficking of Ca V 3 channels is undoubtedly a complex process governed by a wide range of regulatory proteins, the fact that HVA auxiliary subunits act on all of the three members of the T-type channel family suggests either a common site of interaction or a general mechanism by which these Ca V 3 channels are modulated.
The observed increase in the surface expression of calcium channels by the coexpression of ␤ 1b and ␣ 2 -␦ 1 subunits also may involve channel recycling or degradation of voltage-dependent calcium channels at the cell surface. Although calcium channel endocytosis still is documented poorly, it has been shown recently that endophilin, a key regulator of clathrin-mediated synaptic vesicle endocytosis, is able to interact with Ca V 1.2, Ca V 2.1, and Ca V 2.2 calcium channels (36) . Such a mechanism could account for the ␤ 1b and ␣ 2 -␦ 1 subunit stabilization of Ca V 3 channels at the cell surface.
The construction of T-type Ca V 3 subunits with exogenous epitopes in the extracellular domains should be useful in evaluating a wide range of protein trafficking, processing, and modulation of these channels and will open up new avenues in exploring the T-type channel physiological and pathophysiological functions. For example, whether the ␥ subunits modulate T-type channel function and trafficking can be now addressed. Indeed, it has been reported recently that the ␥ 2 subunit modulates the biophysical properties of Ca V 3.3 channels (37) and that LVA current density is enhanced in the thalamic neurons of the "stargazer" mice, which is deficient in the ␥ 2 /stargazin protein (38) . The use of externally tagged Ca V 3 channels combined with a virus delivery strategy should make it possible to analyze cell surface expression of T-channels in a wide variety of cell types, including cardiac myocytes and neurons (39) . Furthermore, with the recent identification of mutations within the human gene CACNA1H (that codes for Ca V 3.2 channels) in patients with childhood absence epilepsy (40) , these new tools should be useful to analyze whether cellular trafficking or membrane expression is impaired for mutant Ca V 3 channels. unit cDNAs. We also thank Nathalie Bonneaud for a human embryonic two-yeast cDNA library and expertise in carrying out the two-yeast hybrid experiments and Christian Barrère and Elodie Kupfer for skillful developement of the CHO-␣ 1G cell line and for maintenance of the cell lines as well as Anne Pages for oocyte injection and recordings.
